from parents to sperm and larvae in a reef-building coral. We also show variation in 23 hypermethylated genes in corals from distinct environments, indicative of responses to 24 variations in temperature and salinity. These findings support a role of DNA 25 methylation in the transgenerational inheritance of traits in corals, which may extend to 26 enhancing their capacity to adapt to climate change. 27
Corals provide habitat for thousands of marine species, protect shorelines and support human 28 livelihoods 5 . However, as the oceans warm, repeated thermal stress events have driven corals 29 into severe global decline 6, 7 , and the rapid rate of climate change threatens to overwhelm the 30 capacity for adaptation by genetic means alone 8, 9 . Recent research has demonstrated that 31 stress-induced changes in the DNA methylome of corals correlates with phenotypic changes 32 that explain increased organismal fitness 10, 11 . Mechanistically, these changes appear to 33 regulate transcriptional homeostasis through the inhibition of spurious transcription and 34 transcriptional noise, reflecting adjustments of expression in response to transcriptional needs 35 under changing conditions 10, 12 . However, due to the low heritability of DNA methylation in 36 mammals and its complete absence in popular model organisms (e.g., Drosophila and 37
Caenorhabditis elegans), the current perception is that this mechanism is unlikely to 38 contribute to transgenerational plasticity, and hence to the ability of corals to respond to 39 climate change 9 . 40
Here, we initiate a paradigm shift by providing evidence for intergenerational inheritance of 41 DNA methylation patterns in reef-building corals. The brain coral Platygyra daedalea 13 has 42 life-history traits which we expect to promote epigenetic acclimatisation within generations, 43 and the transfer of these modifications between generations 8 . Namely, individual colonies 44 are typically stress-tolerant 14 , long lived (up to ~100 years, Supplementary Table S1 ), and 45 spawn large numbers of gametes annually 15 . Samples of P. daedalea were obtained from two 46 populations in the Arabian Peninsula (Fig. 1a, were as expected: sperm samples were most similar to their respective parents, and there 131 were fewer genetic differences between samples from the same location (Fig. 2a) to see approximately equal amounts of methylation in both populations (i.e. delta methylation 148 = 0 when FST = 0); in genetically heterogeneous loci, we expect to see large differences in 149 methylation levels between populations. Surprisingly, homogeneous loci have a median delta 150 methylation of 1.2% (IQR: -0.7-3.4%), which significantly departs from expectations (one 151 sample t-test p < 10 -132 ). As expected, we also observe progressively larger differences in 152 methylation levels in more heterogeneous loci (Fig. 2c) . This finding demonstrates that a 153 strong environmental effect contributes to the epigenotypes of P. daedalea. 
178
We proceeded to investigate whether developmental and environmental effects had a 179 combined effect on the epigenotypes of P. daedalea. Using a generalised linear model 180 (GLM), we confirmed that genic methylation levels (n = 11,598 genes with ≥ 5 methylated 181 positions) were almost always (n = 11,594) independently affected by development and 182 environment, supporting the independent analysis of these effects. 183
We were interested in the functional significance of genes that undergo large changes in 184 methylation levels between developmental stages. We observed generally higher methylation 185 levels in sperm samples than their parents (median: +3.2%, mean: +5.2%; Fig. 3a ), and these 186 increases are mainly located in genic regions (Fig. 3b) or larvae, suggesting that the altering of methylation levels during development is a gradual 213 process. Regardless, our data indicates that changes in methylation could occur in the 214 timescale of days (sperm and larval samples are 54 hours apart), in contrast to previously 215 published studies which measured changes in samples conditioned over weeks to years (6 216 weeks for Putnam, et al. 23 ; 3 months for Dixon, et al.
11
; 2 years for Liew, et al. 10 ). 217
Functional enrichment on individual clusters resulted in terms associated with the general 218 biological requirements of each stage. Hypermethylated genes in adults (cluster α, Fig. 3c ) 219
were mostly predicted to regulate cell cycle and cell division, indicative of the different rates 220 of cell division in adults than gametes or larval samples. The preponderance of cell lysis and 221 ubiquitination terms in hypermethylated genes in sperm (cluster β, Fig. 3c ) is a likely 222 hallmark of spermatogenesis-corroborating the expanded role of ubiquitination during 223 spermatogenesis by regulating biogenesis and stability of membranous organelles 24 and 224 preventing inheritance of male mitochondria 25 . For hypermethylated genes in larvae (cluster 225 γ, Fig. 3c) , the terms indicate a pro-growth phenotype. The breakdown of fatty acids, 226 gluconeogenesis, and the synthesis of spermine and spermidine suggest increased metabolic 227 activity, while the regulation of cell cycle and ERK proteins, a family of kinases involved in 228 cell proliferation 26 suggest increased growth rates. Lastly, genes highly methylated in sperm 229 and larvae (cluster δ, Fig. 3c ) appear to be linked to substrate recognition ( Fig. 3d shows an 230 example gene) and symbiont recognition, both important processes that underpin successful 231 larval settlement and symbiosis establishment 27, 28 . 232
In light of recent evidence for methylation changes conferring stress acclimatisation in corals 233 10,11 , we were particularly interested in exploring the effect of environment on methylation 234 levels. A similar approach with similar filters (corrected t-test p < 0.05 and pairwise 235 methylation levels differ > 10%) identified 329 genes that were differentially methylated 236 between Fujairah and Abu Dhabi. The choice of a lower effect size filter stems from the 237 observation that methylation levels of samples from Abu Dhabi were not much higher than 238 from Fujairah (median: +0.8%, mean: +1.7%; Fig. 4a ). This increase was also not specific to 239 genic regions, unlike the hypermethylation observed in sperm relative to adults (Fig. 4b) . 240 Table S2 ). Fragments were collected 4-6 nights prior to the full moon on 4 303
May 2015 and housed in 1,000-litre recirculating aquarium systems at New York University 304 Abu Dhabi at the ambient temperature and salinity measured at the time of collection (F: 305 27.6 °C and 35.7‰; AD: 27.9 °C and 41.2‰). P. daedalea is a simultaneous hermaphrodite 306 and broadcast spawning activity was observed from -4 nights to +10 nights relative to the full 307 moon, with most individual fragments releasing gametes over several nights 44 . During this 308 period, samples were collected from adults (F: 4; AD: 4), sperm (F: 4; AD: 4), eggs (AD: 2), 309 and larval crosses (AD: 2), snap-frozen and stored at -80 °C. Prior to spawning, individual 310 coral fragments were isolated in buckets to prevent cross-contamination and fertilization. Waltham, MA), prior to pooling in approximate equimolar ratios for sequencing. 335
Pooled libraries were initially sequenced on 24 lanes of HiSeq2000 (Illumina, San Diego, 336 CA). Based on the results of the sequencing, libraries with lower coverages were resequenced 337 on 6 additional lanes of HiSeq2000 (Supplementary Data S1a) . 338
Identification of methylated positions 339
From both runs (i.e., 30 lanes), a total of 4.13 billion read pairs were obtained across 24 340 samples, and subsequently trimmed using cutadapt v1.8 45 (Supplementary Data S1a). 341
Following trimming, reads were mapped to the draft P. daedalea genome (REF), 342 deduplicated and scored on a per-position basis for methylated and unmethylated reads using 343 Bismark v0.17 46 . At this stage, we excluded data from the egg samples (n = 2) from 344 subsequent analyses as the data from these samples were very poor (struck-out red rows in 345
Supplementary Data S1b). 346
To ensure that methylated positions were bona fide, four stringent filters were applied. 347
Firstly, on the pooled dataset, the probability of methylated positions arising from chance on 348 a per-position basis was calculated using a binomial distribution of B(n, p), where n 349 represents total coverage (methylated + unmethylated reads) and p the probability of As we assumed that the adult and sperm samples from the same individual should be 387 genetically identical, positions were only retained if all sperm samples and their respective 388 parents had the same genotype (i.e., A1-8, when written out as a list, would be identical to 389 S1-8 written out in a similar fashion). A total of 407,419 positions passed this final filter, and 390 were deemed SNPs. 391
Calculation of Kendall ranked correlation coefficients for pairwise comparisons 392
As both methylation data and SNP data were not normally distributed, we opted to calculate 393 the Kendall ranked correlation coefficients (τ) to measure whether data were similarly 394 ordered in a similar fashion in datasets X and Y. The range of τ spans [-1, 1], where -1 395 indicates perfectly discordant ranked observations; 1 indicates perfectly concordant ranked 396 observations. 397
Correlation coefficients were calculated using Python scripts, which enabled the plotting of 398
Figs. 1c, 2a and 2b. For transparency, these values are tabulated in Supplementary Data S2. 399
Assessing effect of genotype on epigenotype 400
To assess the effect of genetic heterogeneity on DNA methylation levels, the P. daedalea 401 genome was partitioned into 50 kb windows with a step size of 10 kb. Genetic heterogeneity 402 was estimated using FST-but as there are various ways to calculate this value, we adopted 403
Hudson's definition and calculated per-position FST values using equation 10 described in 404
Bhatia, et al. 47 . The paper also recommended that FSTs should be averaged in a window as a 405 ratio of averages, using the equation ( 
Identification of differentially methylated genes 423
Individual positions have methylation levels that range from 0 (not methylated at all in all 424 cells) to 1 (completely methylated in all cells). To extend this measure to genes, which 425 contain multiple methylated positions, medians of the methylation levels were calculated for 426 every gene (medians are less prone to outliers than means). Furthermore, to reduce noise, we 427 focused on genes that had at least five or more methylated positions, filtering out 3,068 genes 428 that did not meet this criterion. The genes that were filtered out were mostly unannotated, or 429 annotated as proteins with unknown functions. 430
To ensure appropriate statistical models were applied for the analysis of our dataset, we first 431 checked whether genic methylation levels were normally distributed within biologically 432 meaningful groups 48 , and whether variances were equal between groups 49 . For the vast 433 majority of genes, the null assumptions of normality and equal variance could not be rejected 434 (Supplementary Data S3) . Hence, we used untransformed methylation levels in all 435 subsequent statistical tests. 436
Genic methylation levels were thought to be influenced by two variables: developmental 437 stage ("devt": adult/sperm/larvae) and sample origin ("origin": Fujairah/Abu Dhabi). 
